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C.  Progress Summary 
 
1.  Project Objectives 
 The objective of our DOE-supported research has been to explore the use of solid 
state materials as organizing media for, and as active components of, artificial 
photosynthetic systems.  In this work we strive to understand how photoinduced electron 
and energy transfer reactions occur in the solid state, and to elucidate design principles 
for using nanoscale inorganic materials in photochemical energy conversion schemes.   
A major unifying theme in this project has been to move beyond the study of 
simple transient charge separation to integrated chemical systems that can effect 
permanent charge separation in the form of energy-rich chemicals.  We attack this 
problem in several different kinds of chemical systems:   micro-and meso-porous solids, 
which act as organizing media for electron donors and accepteors, lamellar 
semiconductors, which can be coupled to molecular photosensitizers and colloidal 
catalysts for hydrogen and oxygen evolution, and template-grown semiconductor 
nanowires that form arrays of miniature solar cells.  In the case of lamellar systems, we 
have developed layer-by-layer synthetic techniques to make structurally complex 
assemblies for light-induced vectorial energy and electron transfer. The primary focus of 
our recent work has been to incorporate catalytic entities (such as noble metal and metal 
oxide clusters) into these assemblies to convert transiently generated holes and electrons 
into oxidized and reduced products.  We have studied and optimized oxygen-evolving 
colloidal catalysts and have coupled them to supports that are compatible with layer-by-
layer assembly.  At the same time, we have developed and studied new sensitizers that 
improve the quantum yield for charge separation with lamellar oxide semiconductors. We 
have also made new semiconductors, analogous to wide bandgap lamellar oxides, which 
contain nitrogen in the lattice and absorb in the visible part of the spectrum.  These new 
oxynitride and semiconductors can in principle eliminate the need for molecular 
photosensitizers, and have the potential to act as photocatalysts for visible light water 
splitting.  Most recently, we have also begun work on semiconductor nanowires.  This 
work exploits the idea that one can more easily grow small single crystals than larger 
ones, and attempts to devise ways in which arrays of small single crystals can be used for 
efficient conversion of solar energy to electricity or chemicals.  
 
 a.  Microporous and Lamellar Solids.    Two kinds of electronically insulating 
solids that have been used in this work to support molecular electron and energy transport 
chains are shown in Figure 1.  These are microporous molecular sieves, represented by 
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the aluminosilicate zeolites A and Y, and lamellar microcrystalline solids, represented by 
α-Zr(HPO4)2.H2O.  Both of these are cation exchangers, and both have unique 
advantages and disadvantages for the organization of artificial photosynthetic systems.   
 Zeolites have crystallographically well-defined pore sizes and channel 
interconnections.   Hence it is possible to make materials in which electroactive and/or 
photoactive ions are confined to specific interior or external surface sites.  Molecules can 
be introduced to the cages by simple ion exchange reactions, or by "ship in a bottle"  
synthetic techniques.  The polarity of the cages can also be altered by changing the 
framework composition, or by exchange of the extraframework cations.  While these 
effects can be exploited to make two- and three-component electron transport chains,1-4 it 
is difficult to prepare more elaborate assemblies in zeolites because of the inherent 
periodic nature of the host material.5,6   
 
Zeolite A Zeolite Y
5.25 Å
7.6 Å
Zr
P
O
α-Zr(HPO4)2.H2O  
 
Figure 1.  Structures of Zeolites A and Y, and  α-Zr(HPO4)2.H2O. 
 
 Lamellar insulators such as α-Zr(HPO4)2.H2O do not provide the same kind of 
regular pore networks as zeolites.  During ion exchange of these materials, the interlayer 
galleries expand to accomodate guest species, and there is generally no crystallographic 
ordering of ions in the x-y plane.  A big advantage of lamellar inorganic materials, 
however, is that they can be grown layer-by-layer on surfaces by sequential adsorption 
reactions.7  It is therefore possible to prepare aperiodic sequences, which can accomodate, 
in principle, vectorial electron and energy transfer cascades containing a large number of 
active components. 
 The alkali transition metal oxides are a special case of lamellar inorganic solids.  
Some representative structures are shown in Figure 2.  These materials are similar to α-
Zr(HPO4)2.H2O in terms of their intercalation chemistry and surface assembly, but they 
are also semiconductors.  While in most cases they absorb light only in the ultraviolet, 
they can be sensitized in the visible by adsorbing molecular photosensitizers, and in this 
case the solid acts not only as the organizing medium but also as one of the components 
of the electron transport chain.  Again, the frameworks are typically anionic, so they can 
be exchanged with electroactive/photoactive cations of appropriate size.  They are 
interesting as components of photosynthetic assemblies, and also as microscopic models 
for sensitized semiconductor photoelectrochemical cells.   
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Figure 2.  Idealized structures of some layered metal oxide semiconductors (LMOS). 
 
 b.  Light-Induced Electron and Energy Transfer.  Figure 3 shows three 
schematic designs that we have explored for artificial photosynthesis in hybrid solid 
state/molecular systems.   In the first one, ion-exchange and size-exclusion effects are 
used to assemble a molecular photoredox triad at the zeolite/solution interface.  In such a 
trimolecular system it is possible to have two sequential electron transfer reactions that 
occur quickly in the forward direction, to generate a charge-separated state in which the 
electron and hole are far apart.    
 The second scheme involves the sensitization of wide-bandgap layered metal 
oxide semiconductors (LMOS) with a visible light absorbing dyes.  Platinum particles 
grown between the layers catalyze the photoreduction of protons.  The most striking 
feature of this system is that it produces hydrogen with non-sacrificial electron donors (I- 
being the most effective one studied to date), because the layered solid sieves the 
oxidized donor from the interlayer space where the catalyst particles are located.  The 
second important point with these systems is that it is possible to modulate the interfacial 
electron transfer rates, and in particular to slow down the energy-wasting recombination 
of conduction band electrons with I3-, using rational surface modification techniques.   
 The third system is based on an approach we and others developed for growing 
multilayer stacks of photoactive and redox-active polymers.8  In these systems the 
organic polycation layers, which are typically one monolayer thick, are interleaved with 
polyanionic inorganic sheets.  Photoredox cascades formed in this way are surface 
analogs of bulk intercalation compounds, except that they are aperiodic, and therefore 
any possible sequence can be prepared.  Electronically insulating α-Zr(HPO4)2.H2O 
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forms roughly 10 Å thick spacers between  the active polymer layers, which is a short 
enough distance to allow interlayer electron and energy transfer reactions to occur on a 
timescale of nanoseconds.  Morphologically similar composites can be prepared from 
LMOS sheets, and this opens the possibility of making an internally sensitized assembly 
for water photolysis. 
 
Pt
H  O
H
2
2
h!
e-
-
-
- -
I
- RuL
3
2+
e-
Solution Zeolite Channel  
slow
D' D A
h!
e-
Inorganic Layer
Inorganic Layer
Inorganic Layer
Inorganic Layer
Inorganic Layer
Acceptor 2
Acceptor 1
Donor 1
Donor 2
Sensitizer Antenna 1 Antenna 2
Energy Transfer
h!1 h!2 h!3
e-
e-
e-
e-
e-
 
 
Figure 3.  Three general designs for light-induced vectorial electron and energy transfer reactions 
in hybrid organic/solid state systems. 
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  c. Design Principles for New Photocatalysts and Photoelectrodes.  Two new 
kinds of materials that we have studied are semiconductor nanowires and nitrogen-
containing analogues of wide bandgap oxide semiconductors.   
Arrays of semiconductor nanowires are made by a template replication technique 
first described by Sailor, Martin and coworkers.9,10  They found that polycrystalline CdSe 
nanowires grown electrochemically in porous alumina membranes on a Ni substrate show 
rectifying i-V curves.  We find similar effects in the dark and also observe 
photoconductivity.  We are currently using electrochemically grown CdSe nanocrystals 
as seeds for the vapor phase growth of arrays of high aspect ratio single crystals.  This is 
one example of the use of vapor-phase deposition as a route to high aspect ratio 
nanocrystals of semiconductors (which include InP,11 GaP,12 n- and p-Si,13 Ge,14 GaAs,15 
InxGa1-xAs,16 InAs,17 Ag2Se,18 TiO2,19 and ZnO20).  So far these nanocrystals have been 
developed mainly for use in nanoscale electronics.  The push has been towards smaller 
and smaller diameter nanowires, and little thought has been given to their photovoltaic or 
photoelectrochemical properties.  The key to using these nanowires for solar energy 
conversion is to find ways to make arrays coupled to metal electrodes or catalysts for 
hydrogen and oxygen evolution. 
Nitrogen-containing analogues of metal oxide semiconductors provide visible 
light absorption without the use of molecular photosensitizers. We have made oxynitride 
and fluoronitride analogues of both lamellar and three-dimensional alkali niobates and 
tantalates.  The layered oxynitrides are, in principle, amenable to the kinds of 
topochemical reactions that we have developed for lamellar oxide semiconductors.21  
Perovskite-type oxynitrides and fluoronitrides have the potential to act as photocatalysts 
for visible light water splitting. 
 
2.  Photoinduced Reactions in Supramolecular Systems 
 
 a. Photoinduced Energy and Electron Transfer in Lamellar 
Heterostructures.  We demonstrated layer-by-layer assembly of photosystems using 
inorganic sheets by growing concentric “onion” structures on high surface area silica 
(avg. diameter = 50 nm).23  Utilization of high surface area particles provides good 
signal-to-noise ratio in flash photolysis experiments, allowing one to observe the charge 
separated products and determine quantum yields and kinetics (vide infra).  Fumed silica 
particles were first derivatized with 3-aminopropyltrimethoxysilane, washed and dried, 
and then exposed to a suspension of exfoliated α-ZrP sheets (~ 15 x 15 x 0.8 nm).  
Following centrifugation and washing, methyl viologen-functionalized polystyrene (p-
MV2+) was deposited from aqueous solution, followed sequentially by another layer of α-
ZrP sheets and a polystyrene layer functionalized with a Ru(II) poly(pyridyl) 
photosensitizer (p-[RuIII(p-bpy)(bpy)2)]2+, abbreviated as p-Ru2+, where bpy is 2,2’-
bipyridine and p-bpy is the 2,2’-bipyridine ligand directly attached to the polymeric 
backbone) (Figures 4 and 5).  On planar Si surfaces, deposition of the polycationic redox 
layers reproducibly gave thicknesses of ~ 9 Å by ellipsometry while the α-ZrP layers had 
thicknesses consistent with previous results.   
 11 
S
ig
n
al
Time (µsec)
0.0
0.0 40 80 120
0.008
0.012
160
-0.01
0.01
0.03
0.05
0.07
0.09
350 400 450
R
el
at
iv
e 
A
b
so
rb
an
ce
500 550 600 650 700
Wavelength (nm)
cationic polymer
(2)
(1), (2)...etc
exfoliated !-ZrP
semi-crystalline
(1)
OH
OH
OH
OH
OH
OHHO
HO
HO
HO
HO
HO
OH
HOHO
H2N(CH2)3Si(OEt)3
Multilayer
Composite
 
Figure 4. Schematic procedure for the preparation of the composite multilayers on high-surface 
area silica. 
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Figure 5.  Top:  Structures of p-Ru2+, p-MV2+, and MDESA2-. Bottom:  Transient diffuse 
reflectance spectra for p-Ru2+/p-MV2+/SiO2 composite with 3.5 mM MDESA2- in solution at 10 
µs (filled circles) and 40 µs (open squares) following 532 nm, 7 ns laser excitation.  The inset 
shows the transient signal of the viologen cation radical recorded at 400 nm, and a second-order 
fit to the data (solid line). 
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 Visible light absorption by p-Ru2+ produces a metal-to-ligand charge transfer 
(MLCT) excited state (formally p-[RuIII(p-bpy)(bpy)(bpy·-)]2+) that is a potent reductant 
(E(Ru3+/2+*) ~ -0.62 V vs NHE) capable of transferring an electron to p-MV2+ (E(MV2+/+) 
= -0.45 V vs NHE).  Surprisingly, when p-MV2+ was deposited prior to p-Ru2+ (i.e. p-
Ru2+/α-ZrP/p-MV2+/α-ZrP/SiO2), photoexcitation with 532 nm pulsed laser light did not 
produce MV·+.  In addition, the excited state lifetime (600 ns) was similar to that observed 
for p-Ru2+/α-ZrP/SiO2 suggesting minimal quenching of p-Ru2+* by p-MV2+.   In contrast, 
when the reversible electron donor, methoxy-N,N-bis(ethylsulfonate) (MDESA2-), was 
added to the solution containing p-Ru2+/α-ZrP/p-MV2+/α-ZrP/SiO2, a p-MV·+/MDESA- 
charge-separated state was observed with a quantum yield of ~30%.  MDESA2- reduces 
the metal center of p-Ru2+* forming a Ru+ species in which one of the bipyridine ligands 
remains reduced: 
 
MDESA2- + p-[RuIII(p-bpy)(bpy)(bpy·-)]2+* !  MDESA·- + p-[RuII(p-bpy)(bpy)(bpy·-)]+ (1) 
 
Experiments performed without p-MV2+ indicated that excited state reduction of p-Ru2+* 
by MDESA2- occurs with a yield of ~ 50% and involves both dynamic and static 
components, the latter which is made possible by ground-state adducts between 
oppositely-charged donor and acceptor compounds.  Importantly, the Ru+ species is a 
more powerful reductant than Ru2+* by ~ 0.4 V, providing the extra driving force needed 
to create an interlayer charge-separated state:   
 
p-[RuII(p-bpy)(bpy)(bpy·-)]+  +  p-MV2+ !   p-[RuII(p-bpy)(bpy)(bpy)]2+  +   p-MV·+  (2) 
 
Charge recombination followed second-order kinetics and occurred on the microsecond 
time-scale (kobs = 1 x 109 M-1s-1), consistent with MDESA·- escaping the p-Ru2+ layer 
(escape yield ~ 60%).  Hence, charge recombination requires diffusion of MDESA·- 
through both p-Ru2+ and anionic α-ZrP layers.  Interestingly, when the order of polymer 
deposition was reversed, i.e. p-MV2+/α-ZrP/p-Ru2+/α-ZrP/SiO2, p-Ru2+* is no longer 
quenched by MDESA2- and charge-separation was no longer observed with or without the 
electron donor.  Apparently, diffusion of MDESA2- to the buried p-Ru2+ layer is severely 
impeded in this composite such that MDESA2-/Ru2+ ground-state adducts no longer form 
and diffusional quenching between MDESA2- and p-Ru2+* no longer occurs.  In addition, 
when the α-ZrP sheets were replaced with organic poly(styrenesulfonate) (PSS), donor 
quenching was no longer observed presumably because p-Ru2+ is intertwined with 
anionic PSS, preventing approach of MDESA2-.  In the absence of the silica support, i.e. 
when  p-Ru2+, p-MV2+, and MDESA2- were dissolved together in solution, reaction 1 was 
observed while reaction 2 was not, presumably due to repulsion between the polycationic 
redox polymers. 
 The successful demonstration of photoinduced charge separation in this “onion” 
system suggested the possibility of making a more complex artificial photosynthetic 
system by LBL techniques.  In this multilayer thin film system, light absorption was 
coupled to electron transfer/charge-separation by a series of energy transfers through an 
antenna system containing three dye molecules (Figure 6).24  The dyes that were chosen, 
coumarin, fluorescein, and a tetrasubstituted Pd(II) tetraphenylporphyrin (PdTPP), have 
large molar extinction coefficients and absorb visible light at progressively longer 
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Figure 6. Molecular structures, energy and electron transfer pathways (indicated by arrows) for 
the energy "antenna" polymers, Coum-PAH and Fl-PAH; the photosensitizers, PdTAPP4+ and 
PdTSPP4-; and the electron acceptor polymer, PVT-MV2+. 
  
wavelengths.  In order for Förster (i.e. singlet-singlet) energy transfer to be efficient, 
good spectral overlap must exist between the donor emission spectra and the acceptor 
absorbance spectra.  Accordingly, the coumarin dye absorbs light in the blue region of the 
visible spectrum (λabs,max = 412 nm, λem = 485  nm) and can donate its excited state energy 
to the fluorescein dye (λabs,max = 500 nm, λem = 530), which in turn, can transfer its excited 
state energy to the Pd(II) tetraphenylporphyrin (λabs,max = 520 nm, λem = 720 nm).  It is also 
possible for the coumarin dye to transfer energy directly to the porphyrin dye as the 
coumarin emission and porphyrin Q-band absorbance slightly overlap   Importantly, 
porphyrin excited states are formed by either direct excitation or indirectly by excitation 
of the coumarin or fluorescein dyes.  Furthermore, the presence of a Pd atom in the 
porphyrin fluorophore ensures nearly quantitative intersystem crossing to a long-lived 
triplet excited state, allowing ample time for interlayer electron transfer to occur.  
 Two kinds of multilayer thin films assemblies were prepared through alternate 
anion/cation adsorption steps.  For interlayer energy transfer, coumarin-functionalized      
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Figure 7.  Top: Emission (λex = 450 nm) spectra of an energy/electron transfer assembly with 
HTiNbO5 spacer separating the porphyrin and viologen layers.  Dotted lines in the idealized 
picture at the right indicate a mixed Coum-PAH, PdTSPP4-, Fl-PAH polyelectrolyte layer.  
Reference spectra from individual chromophore layers (Coum-PAH,  PdTSPP4-, Fl-PAH) and 
from the triad without PVT-MV2+ are also shown.  Bottom: Transient diffuse reflectance spectra 
taken 200 µs after 532 nm excitation, for silica/amine/α-ZrP/PVT-MV2+/α-ZrP/PAH/PdTSPP4- 
(lower gray spectrum), and silica/amine/α-ZrP/PVT-MV2+/HTiNbO5/PAH/PdTSPP4- (upper 
black spectrum) samples. 
 
poly(allyl)amine hydrochloride (Coum-PAH), fluorescein-functionalized PAH (Fl-PAH), 
and Pd(II) tetrakis(4-N,N,N-trimethylanilinium)porphyrin (i.e. PdTPP4+) were deposited 
sequentially using anionic α-ZrP layers as spacers.  For intralayer energy transfer, all 
three polycationic dyes were adsorbed simultaneously onto anionic α-ZrP.  Absorption 
and emission spectra of both multilayer assemblies were obtained and compared with that 
for individual dye layers.  The emission spectra (excitation with 450 nm) showed almost 
complete quenching for the coumarin dye, significant quenching of the fluorescein dye, 
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and enhanced emission from the porphyrin.  Based on the emission data, the energy 
transfer efficiency of the interlayer assembly was calculated to be 0.65 while that for the 
intralayer assembly was 0.82.  The lower efficiency of the interlayer assembly was 
attributed to the Förster distances of the various donor-acceptor combinations being close 
to the α-ZrP/dye-PAH bilayer thickness (~ 22 Å).  In contrast, the average donor-
acceptor distances in the intralayer assembly were significantly smaller, allowing for 
relatively facile energy transfer.  
 Since the intralayer assembly gave superior results, it was coupled to an electron 
acceptor layer, methylviologen-functionalized poly(vinyltoluene) (MV2+-PVT, Figure 7).  
In order to provide a larger driving force for electron transfer from the porphyrin excited 
state to MV2+, PdTPP4+ was replaced with a tetraanionic porphyrin (PdTPP4-), which is a 
more powerful triplet excited state reductant by ~ 0.3 V.  Efficient quenching of the 
porphyrin phosphorescence was observed upon adding MV2+-PVT to the system, the 
degree of which depended on the anionic “glue” used for its fastening. Using HTiNbO5 
sheets, the phosphorescence was quenched by 76%, while that for α-ZrP was 58%.  This 
corresponds to a combined energy/electron transfer quantum yield of 0.61 and 0.47, 
respectively.  Importantly, spectra from diffuse reflectance flash photolysis experiments 
for similar systems constructed on high surface area silica showed that MV·+ is present on 
the microsecond timescale and that it is produced in greater yield when the HTiNbO5 
spacer is used.  These results suggested that semiconducting HTiNbO5 sheets mediate the 
electron transfer between 3PdTPP4-* and MV2+, while α-ZrP, an insulator, does not.  
Indeed, when HTiNbO5 is layered on top of the intralayer assembly in the absence of 
MV2+-PVT, significant quenching of 3PdTPP4-* phosphorescence is observed, suggesting 
that electron transfer between 3PdTPP4-* and HTiNbO5 is occurring. 
 c.  Edge Derivitization of Zirconium Phosphate Sheets.  The base hydrolysis of 
α-ZrP, reaction (3), is an important side reaction that occurs in competition with 
exfoliation, reaction (4).  Without proper precautions, the hydrolysis reaction can  
Zr(HPO4)2.H2O + n H2O + 2x OH- = Zr(HPO4)2-x(OH)2x  + (1+n) H2O + x HPO42-  (3) 
Zr(HPO4)2.H2O + x OH- = [Zr(HPO4)2-x(PO4)x]x-  + x H2O         (4) 
cause substantial corrosion of the sheets.  The ultimate product of base hydrolysis, 
hydrous zirconia, interferes with the layer adsorption process, resulting in incomplete 
surface coverage.  AFM and TEM images of partially hydrolyzed sheets show that 
reaction (1) occurs from the edges inward.25  The edges are more reactive than the basal 
plane surfaces, presumably because they contain phosphate groups that are bound to Zr 
atoms through two (or fewer) oxygen atoms.   In contrast, the basal plane phosphates 
bind to Zr through three oxygen atoms.26 
 We found that a phosphonate-phosphate exchange reaction can be used to 
derivatize the edges of the sheet, and effectively stop the corrosion reaction.  This result 
is important in terms of our ability to make well organized photochemical assemblies.  
The same reaction can also be used to place dye molecules exclusively at the edges of the 
sheets, either in a self-assembled monolayer or in a colloidal suspension.  Figure 8 shows 
a fluorescence microscope image of a partial  monolayer of α-ZrP on glass, which was 
exposed to an aqueous RhB-P solution and then rinsed with water to remove excess dye.  
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The particles show the characteristic red 
luminescence of RhB, and the loop patterns are 
consistent with selective edge binding.  Control 
experiments with RhB derivatives that contain no 
phosphonate group do not show edge 
luminescence. 
COO-
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C-NH
=
S
Et2N NEt2O
H2O3P(CH2)3NH-
RhB-P
 
Figure 8. Fluorescence microscope image of α-ZrP 
sheets derivatized at the edges with RhB-P, on a 
borosilicate glass cover slip. 
 
 
 b. Fiber Aggregates of Ru(bpy)3-L-Lysine Derivatives.  In our studies of 
photosensitized layered metal oxide semiconductors (see below), we found that back 
electron transfer between the semconductor sheets and solution-phase I3- in the HI 
photolysis system Ru(bpy)3-P2+/K4-xHxNb6O17(Pt) was inhibited by adsorbing a 
phosphonate SAM or polyelectrolyte layer onto the sensitizer.  We attempted to append 
such a blocking layer covalently to the sensitizer using molecules Ru1 and Ru2,  
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which contain aliphatic side chains linked by L-lysine groups.  These amphiphilic 
molecules were not good sensitizers for layered oxide semiconductors because the amide 
groups did not couple them to the sheets, but instead caused them to form hydrogen-
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bonded networks in solution.  We observed that these molecules assemble into fibrous 
aggregates in organic solvents, giving clear solutions at low concentration and viscous 
gels at higher concentration.   
In the presence of MV2+ and the sacrificial electron donor triethanolamine 
(TEOA), Ru1 and Ru2 fibers in the fluid phase were more efficient photosensitizers than 
Ru(bpy)32+, which did not aggregate under the same conditions.  A detailed kinetic 
analysis (combining results from steady state and nanosecond transient photolysis) of this 
system showed that the increased rate of reduced viologen formation arises from an 
increased charge separation lifetime and an increased rate of reduction of Ru(III) to 
Ru(II) by triethanolamine.27  At low concentrations of MV2+, we were surprised to find a 
progressive series of photoreductions, from MV2+ to MV+ to MV0.28  The second reaction 
does not occur with Ru(bpy)32+, and to our knowledge has not been observed before in 
this kind of photosystem.  Again, a detailed kinetic analysis revealed that the second 
reduction involves a pre-equilibrium between the reduced form of the sensitizer (Ru1red 
or Ru2red) and MV•+ , according to reaction (5).  The oxidized sensitizer is then 
photoreduced (reaction (6)), giving the observed integrated rate law (7), in which C0 is 
the concentration of MV•+   
                                               Keq              
Ru1red + MV•+   →   Ru1 + MV0           (5) 
 
                                   k 
Ru1 + TEOA + hν   →  Ru1red    (6) 
C0(ln[MV•+]) – [MV•+] = -kKeq[Ru1red]t  + C0(ln C0) – C0       (7) 
formed in the first rapid phase of the reaction by photoreduction of MV2+.  Figure 9 
summarizes the electron transfer reactions of self-assembled fibers of these sensitizers. 
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Figure 9.  Illustration of the two reaction stages of methylviologen photoreduction by Ru1 and 
Ru2 fibers.  In both stages, donor quenching generates the reduced sensitizer.  Reduction of MV2+  
to MV•+  occurs rapidly with a quantum yield of 0.5.  The second stage of the reaction, 
photoreduction of MV•+ to MV0, involves equilibrium (5) and occurs about two orders of 
magnitude more slowly.  
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3.  Sensitized Oxide Semiconductors 
 
 a. Photochemical Hydrogen Evolution with Nonsacrificial Electron Donors.  
Many artificial photosynthetic systems have been contructed with the purpose of 
transiently separating charge, or generating products from sacrificial reagents.  Structural 
control is really most needed when non-sacrificial reagents are used because of the 
possibility of recombination reactions. Catalysts for generating chemical products should 
be spatially compartmentalized and connected by an electron relay system that disfavors 
charge recombination. The recombination reaction is necessarily thermodynamically 
downhill and favorable since free energy is stored in the charge-separated state. 
Compartmentalization of redox reactions is conveniently achieved in 
photoelectrochemical cells by carrying out oxidation and reduction reactions at spatially 
well-separated electrodes. However, in photochemical systems, oxidation and reduction 
products are typically made at the same particle.  Therefore, preventing their 
recombination requires sieving at the molecular level.  
 In the first example of such a non-sacrificial artificial photosynthetic system, layered 
metal oxide semiconductor (LMOS) sheets of K4-xHxNb6O17·nH2O (x ~ 2.5) were sensitized 
with [Ru(dcb)3]2+ (where dcb is 4,4’-dicarboxylic acid-2,2’-bipyridine).29,30 The sensitization 
strategy in this case is similar to that used successfully in dye-sensitized 
photoelectrochemical cells,31 and in colloidal semiconductor systems.32  Visible-light 
excitation produces the MLCT excited state, [Ru(dcb)3]2+*, which is capable of injecting an 
electron into the conduction band (CB) of the semiconducting sheets.  Spectra obtained by 
transient diffuse reflectance/laser flash photolysis experiments (532 nm pulsed laser 
excitation) displayed a bleach from 400-600 nm, consistent with formation of [Ru(dcb)3]3+.  
The Ru3+/e-(CB, LMOS) charge-separated state recombines within 100 microseconds and 
follows biphasic kinetics.  When the electron donor, KI, is added to the system, [Ru(dcb)3]3+ 
is no longer observed by flash photolysis; instead, a positive transient is observed when 
monitoring at 380 nm, which is attributed to formation of I2·- according to the following 
reaction sequence:  
[Ru(dcb)3]2+* !   [Ru(dcb)3]3+  +  e-(CB, LMOS)     (8a) 
[Ru(dcb)3]3+  +  I-  !   [Ru(dcb)3]2+  +  I·       (8b) 
I·  + I-  !   I2·-         (8c) 
2 I2·-  !   I3-  +  I-        (8d) 
 
Hence, the charge-separated state on the microsecond time-scale consists of I2·-/e-(CB, 
LMOS), formed with a quantum yield of ~ 10-15%.  On a seconds-minutes time-scale, only 
triiodide is observed showing that I2·- has disappeared either by disproportionation (equation 
7d) or by recombination with injected conduction band electrons 33   
In order to utilize the reducing equivalents of the charge-separated state for hydrogen 
evolution, the LMOS sheets were internally platinized. This process, which was first reported 
by Domen and coworkers, involves ion exchange of Pt(NH3)42+ ions into the interlayer 
galleries followed by hydrogen reduction at  200-600oC. 34  Aqua regia treatment removes Pt 
from external sites.  Because the solid is a cation exchanger, the resulting interlayer Pt 
clusters are inaccessible to anions.  For example, [Fe(CN)6]3- is not reduced by molecular 
hydrogen in the presence of platinized sheets prepared by this method. This suggests that 
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anionic species, such as I3-, are incapable of intralayer diffusion and recombination with 
molecular hydrogen.  
Hydrogen evolution was tested by photolyzing the above system using a Hg-Xe lamp.  
Upon light excitation, hydrogen and tri-iodide are formed in equimolar amounts.  
Importantly, hydrogen is formed in trace amounts in the absence of iodide and is not formed 
in the absence of  [Ru(dcb)3]2+.   The initial quantum yield was determined to be ~ 0.3%; 
since this is a factor of 40 lower than that determined by flash photolysis, the major 
recombination pathway involves reduction of I3- or I2·- by injected electrons in the 
semiconductor. Over time, the hydrogen evolution plateaus as the concentration of tri-iodide 
increases.  By introducing fresh iodide solution and resuming the photolysis reaction, the 
initial hydrogen evolution rate is restored, supporting the claim that conduction band 
electrons also recombine with tri-iodide.  Importantly, when the photolysis is stopped, the 
triiodide and hydrogen levels of the system do not change, indicating that the back reaction 
between photoproducts does not occur appreciably, presumably a result of their physical 
separation. 
 In subsequent studies, several LMOS’s were studied as components in the above 
system:  acid-exchanged titanates (Na3Ti3O7 and K2Ti4O9), niobates (KNb3O8 and K4Nb6O17), 
and titanoniobates (KTiNbO5 and CsTi2NbO7).30 Following selective internal platinization, 
the LMOS’s were fully acid-exchanged; suspensions prior to acid-exchange gave pH = 9-10 
while those afterward gave pH = 3-4.  Photochemical (> 400 nm) hydrogen evolution was 
measured by gas chromatography for sensitized, internally platinized LMOS’s in the 
presence of iodide.  Only the niobates and the titanoniobates were found to produce 
stoichiometric amounts of hydrogen and triiodide, with K4Nb6O17 giving the highest initial 
quantum yield.  In contrast, only trace amounts of hydrogen were detected for the two 
titanates under similar conditions.  These results were attributed to the titanates having 
relatively positive conduction band edge energies compared to the niobates and 
titanoniobates.  Theoretical predictions of the LMOS’s band edge energies were made using 
concepts of electronegativity. The conduction band edge energy at the point of zero charge of 
a semiconductor, Ecs0, can be expressed by:35  
 
Ecs0  =  Ee  -  X  +  1/2  Eg       (9) 
 
where Ee is the energy of free electrons on the hydrogen scale (~ 4.5 eV), X is the 
electronegativity of the semiconductor (calculated as the geometric mean of the 
electronegativities of its constituent atoms36), and Eg is the band gap energy of the 
semiconductor.  Importantly, predicted values attained by this method have been shown to 
reasonably agree with experimentally determined flat band potentials.37 Using the above 
equation, the estimated conduction band edge energies for alkali LMOS’s ( ~ -0.6 – (-0.9) V, 
vs. NHE) tended to more negative than that of anatase TiO2 (-0.30 V) while those of acid-
exchanged LMOS’s tended to be more positive (~ 0 V). Experimental support of this trend 
was obtained from pH dependent photoluminescence quenching experiments of [Ru(dcb)3]2+ 
on TiO2 and on LMOS’s. On TiO2, significant quenching was only observed when the pH 
was adjusted below 6, while that for the LMOS’s begins at pH = 4.5.  This result is in 
qualitative agreement with the LMOS’s having more negative conduction band edge energies 
than TiO2. 
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 Interestingly, when the acid-exchanged niobates and titanoniobates were suspended in 
alkali iodide solutions, the pH of the suspension dropped from 3-4 to 1-2 due to exchange of 
protons for the alkali cations. This behavior was not observed for the titanates.  X-Ray 
diffraction studies corroborated this, showing the presence of an additional interlayer spacing 
for the niobates and titanoniobates that have undergone alkali iodide treatment.  In contrast, 
the titanates showed no changes in their diffraction patterns. Hence, the niobates and 
titanoniobates were partially proton-exchanged under the photolysis conditions used while 
the titanates remained fully acidified.  As a result, the conduction band edge energies of the 
niobates and titanoniobates under the photolysis conditions should be more negative than that 
of the titanates.  Furthermore, the slightly more acidic conditions used for the titanoniobates 
and niobates pushes the water/hydrogen reduction potential more positive, favoring hydrogen 
evolution.  It was concluded that the titanates did not evolve hydrogen effectively because 
injected electrons cannot reduce hydrogen and thus fall victim to recombination.  Similar 
explanations were used in follow-up studies to explain the superior photochemical hydrogen 
evolution observed for zeolite L impregnated with Nb2O5 and Pt in the presence of the non-
sacrificial electron donor, MDESA2-, as compared to that impregnated with TiO2 and Pt.38 
 The hydrogen evolution rate showed an interesting dependence on the LMOS 
interlayer spacing.30 The spacing was varied by changing iodide’s countercation, decreasing 
in the order Na < Li < Cs < K < H.39   The evolution rate increased in the same order, 
suggesting a competition exists between charge recombination and electron tunneling 
between layers.  In layered LMOS system, the photosensitizer is adsorbed only on the 
external surface; thus, injected electrons reach Pt deposits faster when the interlayer spacing 
is small. 
 Another technique that can potentially reduce the rate of charge recombination 
involves blocking access of I2·- and/or I3- to the LMOS surface.  This was initially attempted 
by adsorbing alkyl phosphonates to [Ru(dcb)3]2+-sensitized LMOS surfaces.  Unfortunately, 
this resulted in significant sensitizer desorption under aqueous conditions.  In order to 
circumvent this problem, a subsequent study employed a sensitizer that attaches itself to the 
LMOS surface through an aryl phosphonate linkage.40  Two polyanionic surface modifiers 
were examined, [TiNbO5]nn- and poly(styrenesulfonate) (PSS). Since the sensitizer imparts a 
positive charge to the unmodified LMOS surface, it is possible to deposit an anionic layer on 
top.  Treatment of a sensitized surface (1.43 µmol/g LMOS) with excess aqueous PSS 
resulted in a surface coverage of 5.25 µmol PSS/g LMOS, indicating that the PSS layer 
overcompensates the charge of the sensitizer and provides a net negative charge to the 
surface.  Both [TiNbO5]nn-- and PSS were shown to increase the initial hydrogen evolution 
rate by a factor of 3 and 5, respectively (Figure 8).  In the case of PSS, the initial rate 
corresponds to a quantum yield of 3%.  The polyanionic layer presumably assists in 
excluding redox-active species like I2·- and I3- from the surface, thus decreasing the rate of 
charge recombination between these species and the injected electrons within the LMOS 
structure.  This idea is supported by transient diffuse reflectance spectra obtained with and 
without PSS (Figure 10). The decays for charge recombination are well-described by a 
second-order kinetic model with rate constants of 3.17(±0.03) x 107 M-1s-1 and 3.01(±0.03) x 
106 M-1s-1 for the unmodified and PSS-modified samples, respectively. While the actual 
values of these rate constants depend on an assumption about the pathlength of the analyzing 
light, the ratio of rate constants (approximately 10) does not, and is in semi-quantitative 
agreement with the enhanced hydrogen evolution rate found in the presence of PSS.  
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The timescale of charge recombination is several milliseconds in the PSS-modified 
system.  It follows that in order to replace iodide by water as the electron donor, one would 
need to couple this system to an oxygen evolving catalyst that could turn over quite rapidly.  
Alternatively, it may be possible to modify the solid to increase the rate of electron transfer 
from the outer surface, which is where electrons are injected, to interlayer Pt clusters.  The 
low quantum yield for hydrogen evolution indicates that the timescale of this process is long 
(tens to hundreds of milliseconds) in LMOS systems, where electronic coupling between 
sheets is relatively weak. 
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Figure 10.  Top:  Schematic drawing of an internally platinized, sensitized LMOS system showing 
kinetic pathways for photoinduced charge injection, charge recombination, and hydrogen evolution 
from iodide solution.  Bottom: Average of 20 transient diffuse reflectance traces, acquired at 380 nm, 
for K4-xHxNb6O17 sensitized by (bpy)2Ru(4-(2,2'-bipyrid-4yl)- phenylphosphonic acid, and for a 
similar sample modified with PSS, showing the difference in timescales for the charge recombination 
reaction of ecb and I3-.  Second order fits (solid lines) are superimposed on the data points.  
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 b.  Zeolite-Based Systems for Photochemical Hydrogen Evolution.  A second 
non-sacrificial photochemical system, which operates on similar principles, was prepared 
by loading mordenite crystallites with Pt clusters and oxide semiconductors (TiO2 and 
Nb2O5), and adsorbing the size-excluded dye RuL32+ to the oxide.  Mordenite is a linear 
channel zeolite which has good stability under the mildly acidic conditions used in the 
preparation and testing of these composites.  The two oxide semiconductors were 
prepared by vapor phase and sol-gel deposition of molecular precursors TiCl4, NbCl5, 
Ti(OCH(CH3)2)4, and Nb(OMe)5.py.  BET surface area measurements and ion-exchange 
experiments using methylviologen (MV2+) showed that TiO2 or Nb2O5 is deposited 
within the one-dimensional channels, except in the case of Ti(OCH(CH3)2)4, where the 
precursor is size-excluded.   Dye adsorption measurements showed that relatively little 
Nb2O5 is accessible at the external surface of the zeolite when the Nb(OMe)5.py 
precursor was used.  UV photolysis experiments in the presence of sacrificial electron 
donors established that the composites prepared from TiCl4 and NbCl5 had much higher 
rates of hydrogen evolution than those made from Ti(OCH(CH3)2)4 or Nb(OMe)5.py.  
Presumably this is because of a greater fraction of the semiconductor connects the 
external solution, which contains the electron donor, with the intrazeolitic Pt clusters.    
 When these composites were sensitized with RuL32+, visible light excitation 
resulted in the expected efficient charge injection and slow (submillisecond) charge 
recombination.  Photosensitized hydrogen evolution was also studied with both sacrificial 
(EDTA, triethanolamine, cysteine, dithiothreitol) and non-sacrificial (I-, HQDS2-, HQS-, 
MDESA2-, TESPD4-) electron donors.  The most important trend that emerged from 
these 
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studies was that while hydrogen evolution occurred with both intrazeolitic 
semiconductors (TiO2 and Nb2O5) using sacrificial donors, only Nb2O5-containing 
composites evolved hydrogen with anionic non-sacrificial donors.  These results are 
entirely consistent with our observations with layered metal oxide semiconductors, in 
which the sensitized titanates, because of their more positive conduction band edge 
potentials, do not photochemically decompose HI solutions.  Another parallel between 
the lamellar and intrazeolitic semiconductors is that the mordenite/TiO2/Pt composites 
mediate the dark recombination reaction between ferricyanide and hydrogen, whereas the 
analogous Nb2O5  composites do not. 
 b.  Nanoscale Niobium Oxide Tubules.  As noted above, one of the objectives of 
our work has been to adapt the layer-by-layer assembly technique to the preparation of 
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oxide semiconductor multilayer films for photochemical hydrogen evolution from non-
sacrificial electron donors.  We prepared assemblies of the type shown in Figure 11, and 
studied the kinetics of electron transfer in them by flash photolysis techniques.  In this  
kind of thin film assembly, a vectorial 
flow of electrons from the niobate to 
the platinized titanoniobate sheets is 
expected because of the more negative 
valence band-edge potential of the 
former.  The outer polyanion layer 
(e.g., PSS or Zr(HPO4)2) provides a 
barrier to back electron transfer 
between the niobate sheet and the 
oxidized donor anion.  
       Constructing complex assemblies 
of this type required us to control the 
colloid chemistry of different types of 
sheets, and to characterize the structure 
of the resulting "onion" structures.  In 
the course of this work we discovered 
that K4-xHxNb6O17 has rather unusual 
colloidal behavior.   When exfoliated 
with TBA+OH-, the colloid exists first 
as bilayer sheets, and then converts to 
a single sheet colloid which 
spontaneously curls into tubules that 
are 15-30 nm in diameter and several 
hundred nm in length.  Cross sectional 
TEM clearly establishes the tubular nature of these colloids.  By varying the colloid 
concentration, the sheets can be made to roll (high concentration) and unroll (low 
concentration) reversibly, as shown in Figure 12.41    
 
 
Figure 12.  TEM images of (a) high and (b) low concentration K4-xHxNb6O17 colloids. 
 
The coiled shape can also be locked in permanently by addition of acid or K+ cations.   
The curling of these colloids appears to be driven by the inherent asymmetry of the 
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 Figure 11. Multilayer oxide semiconductor  
system for HI photolysis.   
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sheets, a feature that is absent in electronically similar, "flat" colloids derived from 
KNb3O8 and KCa2Nb3O10. 
 
4.  Colloidal Catalysts for Photochemical Oxygen Evolution 
 
a.  Colloidal Iridium Oxide and Related Composite Systems.  One of the 
biggest obstacles to achieving efficient photochemical water splitting has been the 
inability to identify an effective, selective O2 evolving system. Since evolution of O2 from 
H2O requires four oxidizing equivalents (reaction 10), this process is kinetically more 
 
2H2O !  O2 + 4H+ + 4e-     (10) 
  
demanding than the hydrogen evolution half reaction.  While there has been encouraging 
progress with transition metal oxo-bridged clusters as homogeneous oxygen evolution 
catalysts,42-48 none have turnover rates faster than about 0.01 s-1.  The exception is the 
Mn3CaO4 cluster of photosystem II in natural photosynthesis, which has a turnover rate 
on the order of 103 s-1.49 
 It has long been known that colloidal and bulk RuO2 and IrO2 are capable of 
heterogeneously catalyzing water oxidation in the presence of [Ru(bpy)3]2+ 
photosensitizer and the sacrificial electron acceptor, S2O82-, via photocatalytic cycle 
(11).50-54   The mechanism involves the following elementary steps:   
 
[Ru(bpy)3]2+ !"! #h  [Ru(bpy)3]2+*     (11a) 
[Ru(bpy)3]2+* + S2O82- !  [Ru(bpy)3]3+ + SO4·- + SO42-   (11b) 
[Ru(bpy)3]2+ + SO4·- !  [Ru(bpy)3]3+ + SO42-    (11c) 
2[Ru(bpy)3]3+ + 2MO2(red) !2[Ru(bpy)3]2+  + 2MO2(ox)    (11d) 
2MO2(ox) + H2O !  2MO2(red) + 1/2 O2 + 2H+    (11e) 
 
In the absence of any of the above components, no O2 is observed.  The initial quantum 
yields for O2 evolution have been found to reach 40-60% under optimized conditions. 55  
The [Ru(bpy)3]2+ photosensitizer, however, is irreversibly consumed during the 
photocatalytic cycle, and in phosphate-containing buffers its turnover number does not 
exceed 80 even under the most optimized conditions.  Decomposition of the sensitizer is 
believed to involve nucleophilic attack by H2O upon one or more of [Ru(bpy)3]3+’s 
bipyridine ligands.56 Whereas both RuO2 and IrO2 can catalyze O2 evolution, bulk and 
colloidal IrO2 has been found to be more stable than RuO2, which undergoes anodic 
corrosion.57 
 Colloidal IrO2 is a particularly interesting colloidal catalyst because of its 
stability, and the ease of analysis of the photocatalytic cycle (10) with simple UV-Vis 
spectrophotometry.58 Colloidal catalysts also typically have a surface charge that can be 
used to incorporate them into photosynthetic assemblies constructed from inorganic 
sheets and organic polyelectrolytes.  As a result, the photocatalytic potential of IrO2 
colloids has been further investigated in our laboratory beyond the previous studies by 
Harrimann and coworkers. 
 In photoredox cycle (11), protons are released when O2 is evolved, and this causes 
a decrease in the pH of the system.  Harrimann and coworkers have shown that the 
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reduction potential of IrO2 colloids shifts positively as the pH of the external solution is 
lowered.59  At lower pH, the driving force for reaction 10d decreases, leading to slower 
electron transfer between the photosensitizer and IrO2(red).  At higher pH, nucleophilic 
attack on the oxidized Ru(III) complex becomes more rapid.  Hence, it is advantageous to 
control the pH of the photocatalytic system.  Indeed, Harriman and coworkers found that 
the rate of O2 evolution is optimal at pH ~ 5 and decreases below and above this value.  
We investigated several buffer candidates and found that both the photosensitizer 
decomposition rate and the turnover number depended sensitively on the composition of 
the buffer.  For KH2PO4/Na2B4O7 buffer, the turnover number depended significantly on 
the buffer concentration, reaching a maximum at 0.011 M.  Further experiments in which 
[Ru(bpy)3]2+ was irradiated in the presence of S2O82- and absence of IrO2 showed that 
[Ru(bpy)3]3+ is rapidly decomposed at higher buffer concentrations.  Similar experiments 
using either KH2PO4 or Na2B4O7 showed that the culprit was the KH2PO4 component of 
the buffer.  Subsequent studies focused on buffers that contain only weakly coordinating 
inorganic anions, such as Na2SiF6/Na2B4O7 and Na2SiF6/NaHCO3.  The latter showed a 
sensitizer turnover number of 290 as compared with 100 for the former, as well as a 
higher average rate of oxygen evolution.  After ~ 30 minutes, the O2 evolution plateaus 
due to complete consumption of the S2O82- sacrificial acceptor.  By adding additional 
S2O82- and more HCO3- to bring the pH from 5.0 to 5.4, O2 evolution resumes upon 
photolysis, albeit with a lower yield and lower initial rate.  The lower rate of the second 
photolysis was ascribed to ~ 50% decomposition of the sensitizer during the initial 
photolysis.   
Several attempts were made to determine why bicarbonate gave superior 
performance relative to borate.  Both buffers were effective at maintaining the pH above 
5 during the entirety of the photolysis and both gave similar [Ru(bpy)3]2+ observed rate 
constants for decomposition in the absence of IrO2.  In addition, the rate during the initial 
20 minutes of the photolysis was similar for both buffers.  The latter finding argues that 
the enhancement is not a result of bicarbonate-induced acceleration of reactions 11d and 
10e.  Since the IrO2 colloid is negatively charged at pH > 2, the buffers may be 
influencing favorable adsorption of [Ru(bpy)3]2+. However, surface coverages of 
[Ru(bpy)3]2+ on IrO2/4-aminobutyldimethylmethoxysilane/SiO2 were similar in the 
presence of both buffers, suggesting that the buffers do not significantly influence 
sensitizer adsorption.      
From the above studies, it was concluded that decomposition of [Ru(bpy)3]3+ 
prevents achievement of turnover numbers > 290.  Under photochemical conditions, a 
significant portion of [Ru(bpy)3]3+ is present in free solution because excited state 
oxidation by S2O82- is rapid.  [Ru(bpy)3]3+ molecules that are adsorbed to the IrO2 are less 
susceptible to decomposition because they are more rapidly reduced by the colloid.   In 
light of this finding, Hara et al. synthesized IrO2 colloidal particles in the presence of 
Nafion, a perfluorinated anionic polyelectrolyte that contains sulfonate pendants.60  
Photolysis reactions comparing the [Ru(bpy)3]2+-IrO2 colloid system (i.e. free colloid) 
with the Nafion-stabilized IrO2 system were performed under identical conditions.  In 
both systems, the initial O2 evolution rates plateau at high [Ru(bpy)3]2+ concentration, 
resembling Langmuir adsorption isotherm behavior.  For the Nafion system, this plateau 
begins at ~ 2 x 10-4 M [Ru(bpy)3]2+ at which point the initial rate is ~ 1.6 times that for the 
free-colloid system.  The highest quantum yields for the Nafion system and free colloid 
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system were 73% and 45%, respectively.  Meanwhile, the turnover number for both 
systems reaches a maximum and then falls off at higher [Ru(bpy)3]2+ concentrations, 
consistent with competition between O2 evolution and sensitizer decomposition at higher 
[Ru(bpy)3]2+ concentrations.  The O2 evolution rates were also examined as a function of 
the incident light intensity at fixed [Ru(bpy)3]2+ concentration.  For the free colloid 
system, the rate plateaus at high light intensities suggesting limitations by [IrO2].  No 
plateau was observed for the Nafion system, indicating that oxygen evolution is light-
limited.  The superior performance of the Nafion-stabilized system was tentatively 
attributed to Nafion-induced enhancement of [Ru(bpy)3]2+/IrO2 adsorption which aids in 
preventing unwanted sensitizer decomposition. 
Photochemical water oxidation was further investigated using IrO2 colloid 
supported on silica particles (avg. diameter = 70 nm).61  By using the cationic Ru(II) 
poly(pyridyl) polymer, [Ru2+]9, sensitized IrO2 containing composites (Figure 9) were 
made by the LBL technique.  Two different multilayer sequences were studied.  In the 
first case, anionic SiO2 was first treated with [Al13O4(OH)24(H2O)12]7+ (Keggin) ions 
followed sequentially by the IrO2 colloid and [Ru2+]9.  This system showed low the 
photocatalytic activity which was attributed to poor physical contact between [Ru2+]9 and 
the IrO2 particles.  In the second case, a solution containing [Ru2+]9 and IrO2 colloid was 
first added to a Na2SiF6/NaHCO3 buffer solution, which in turn, was immobilized on the 
silica support.  This system showed similar photocatalytic activity to [Ru2+]9-IrO2 
colloidal solutions.  Although both systems showed lower O2 evolution rates (0.3 
µmol/min) and lower turnover numbers (~ 90) compared to that of the optimized 
[Ru(bpy)3]2+-IrO2 colloid system, silica-supported [Ru2+]9-IrO2 does represent an 
integrated chemical system for photochemical oxygen evolution, which could in principle 
be coupled to a microheterogeneous hydrogen evolving photosystem. 
 
 
200 nm
IrO2 
SiO2 
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Figure  13.  Top: TEM images of IrO2/Keggin/SiO2 and [Ru2+]9/IrO2/Keggin/SiO2.  Bottom: Time course 
of O2 evolution from [Ru2+]9-IrO2/SiO2 samples: (A) [Ru2+]9-IrO2/SiO2; (B) [Ru2+]9-colloidal IrO2. 
 
b.  A High Throughput Method for Optimizing Photocatalysts.  The problem of 
coupling hydrogen- and oxyen-evolving photocatalytic systems for overall water splitting 
requires them to function under the same conditions (pH, buffer composition, etc.).  
Efficient water splitting would also require catalysts that turn over fast enough to 
compete kinetically with back electron transfer reactions.  In order to optimize the 
turnover rate of colloidal IrO2 catalysts and rapidly explore their behavior under different 
conditions, we developed a simple high throughput screening method.  The method is  
based on the retention of  [Ru(bpy)3]2+ absorbance or emission under continuous 
photolysis in IrO2/persulfate solutions.62  Because the destruction of the sensitizer by 
nucleophilic attack on the Ru(III) complex competes kinetically with catalytic oxygen 
evolution in cycle (10), better catalysts or better catalytic conditions correspond to longer 
retention of [Ru(bpy)3]2+  spectral properties.  Figure 14 illustrates the screening method, 
which utilizes standard 96-well plates and a conventional plate reader.  Interestingly, in 
Na2SiF6/NaHCO3 buffer we found higher turnover numbers at higher pH (pH > 7.0).  At 
this pH the SiF62- ion is slowly hydrolyzed to colloidal silica and the system begins to 
resemble the microheterogeneous sensitizer/colloidal catalyst/silica system shown in Fig. 
13.  Direct measurements of the Ru(III) lifetime in this medium shows that the 
decomposition rate of the oxidized sensitzer is actually lower at higher pH, probably 
because of the interaction of the [Ru(bpy)3]3+/2+ complex with the anionic silica surface.   
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Figure 14. Emission snapshots of a 96-well plate containing sensitizer-colloid-sacrificial acceptor 
reaction solutions: lane 1, no colloid; lane 2, low activity colloid; lane 3, higher activity colloid; 
and lane 4, no sacrificial acceptor. The emission images were aquired through a red filter by 
illuminating with 450 nm light, after illuminating the well plate for the specified amount of time 
on an overhead projector. The emission signal is retained longer with better oxygen evolution 
catalysts. 
 
Determining the rate-limiting step in the photocatalytic cycle (11) is an essential 
step towards answering the question of whether colloidal IrO2 catalysts could be useful 
for overall photocatalytic water splitting.  For instance, if the slow step is electron 
transfer between [Ru(bpy)3]3+ and IrO2 colloid, then the strategy for enhancing O2 
evolution rates would be to improve the electronic coupling or to increase the driving 
force of the reaction by changing the ligands of the sensitizer.  However, if the rate-
determining step is O-O bond formation or M-O bond dissociation, then it would be 
beneficial to redesign the catalyst itself.  With this goal is mind, we performed time-
resolved UV-Vis spectrophotometry experiments, in which [Ru(bpy)3]3+ is reduced by 
IrO2 colloid, and photochemical steady-state O2 evolution studies in both H2O and D2O. 63   
In both sets of experiments, we observed a kinetic isotope effect (KIE) of 1.0, which 
contrasts the KIE’s of 1.4 and 1.6 reported for the molecular O2 evolving complexes, 
cis,cis-[[(bpy)2Ru(OH2)]2O]4+ and [(terpy)(H2O)MnIII(O)2(OH2)(terpy)]3+, respectively. 
This suggests that the rate determining step in water oxidation at IrO2 colloids is outer 
sphere electron transfer between the oxidized sensitizer and the colloid.  
Time resolved studies confirmed that the oxygen evolution reaction follows 
second order kinetics, and that increasing the concentration of either reagent increases the 
reaction rate.  This finding is consistent with an earlier observation by Harriman and 
coworkers that the rate of water oxidation by radiolytically oxidized IrO2 clusters  is quite 
fast.64  Under the conditions normally used for photocatalytic cycle (11), the steady state 
hν 
3 min 
hν 
40 min 
good none 
poor 
IrO2 
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concentration of photogenerated [Ru(bpy)3]3+ is low and therefore the oxygen evolution 
rate is low.  By using relatively high concentrations of the [Ru(bpy)3]2+ sensitizer, 
oxidizing it photochemically to [Ru(bpy)3]3+, and then injecting the IrO2 colloid we were 
able to reach site turnover rates of about 160 s-1, which corresponds to O2 evolution at a 
rate of about 40 molecules/s per surface Ir atom.  This result is very encouraging for 
possible use of IrO2 colloids in water splitting systems.  It also helps explain why 
supports for IrO2 such as Nafion, which is a good cation exchanger, lead to higher 
[Ru(bpy)3]3+ turnover rates.  Such supports serve to concentrate the oxidized sensitizer at 
the surface of the colloid, leading to a higher rate of electron transfer. 
 
5.  Lamellar and Nanocrystalline Semiconductors 
 
 a.  Oxynitride and Fluoronitride Semiconductors.  Our recent work in particle-
based photocatalysis has sought to address the problem that wide bandgap oxides, such as 
KTaO3, are the only known materials that can catalyze the photolysis of water with high 
quantum yield (>10%).   
We synthesized the known oxynitrides CaTaO2N and SrTaO2N, which are 
structurally very similar to NaTaO3 and KTaO3, respectively.  LMTO-ASA band 
structure calculations,65 which are enabled by the fact that O and N atoms are ordered in 
the SrTaO2N structure,66 were performed on SrTaO2N and KTaO3.   These calculations 
show a significant difference in the bandgap between SrTaO2N and KTaO3, which can 
only be assessed qualitatively at the level of the LMTO calculations.  From UV-visible 
diffuse reflectance spectra, we estimate indirect bandgaps of 2.90, 2.55, and 3.50 eV for 
CaTaO2N, SrTaO2N, and KTaO3, respectively.  The band structure calculations (see 
Figure 14) show, as expected, that the conduction band is composed primarily of Ta 5d 
states.  The nitrogen 2p states lie at the top of the valence band, and are primarily 
responsible for narrowing the bandgap, relative to the analogous oxide.  
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Figure 14.  Calculated 
density of states (DOS) 
for  the perovskite 
oxynitride SrTaO2N.  
The three traces show 
the total DOS and 
contributions from 
oxygen and nitrogen 2p 
orbitals.  Shaded region 
highlights states near the 
top of the valence band, 
which show strong 
mixing between O and N 
2p orbitals. 
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Interestingly, there is substantial mixing of N 2p and O 2p states at the top of the band.  
Asahi, et al., attributed the photocatalytic activity of TiO2-xNx to the fact that mixing of 
this type imparts mobility to N 2p hole states.35 
We also synthesized and studied the layer perovskite oxynitrides 
Rb1.8Ca2Nb3O9.2N0.8.0.6H2O, and Rb1.7LaNb2O6.3N0.7.0.6H2O, which are visible-light 
absorbing structural analogues of the known UV photocatalyst RbCa2Nb3O10.  Three-
dimensional perovskite oxynitrides, such as LaTiO2N, are known to evolve H2 and O2 
from solutions containing sacrificial donors (MeOH) and acceptors (Ag+), respectively.  
A lamellar oxynitride would in principle allow us to incorporate colloidal catalysts by 
intercalation as we have done with RbCa2Nb3O10 and related materials.  Unfortunately, 
the layered oxynitrides are too unstable in aqueous solutions to be useful photocatalysts.67 
 b. Semiconductor Nanowires.  Another idea that we are exploring is the photo-
electrochemistry of semiconductor nanowires.  We hope to achieve single crystal-like 
efficiency with array photoelectrodes, and to make in-wire junctions to drive 
photochemical water splitting.  These arrays in principle separate the length scales of 
light absorption (which occurs along the axis of the wire) and charge separation 
(transverse to the wire), opening interesting new possibilities for photoelectrochemistry. 
 
Figure 15.  SEM images of 350 nm diameter Au-CdSe-
Au nanowires (A), and a 70 nm diameter Ni–CdSe-Ni  
nanowire (B) grown in anodic alumina templates.  The 
lower panel in (B) shows a higher magnification TEM 
image of a 70 nm diameter CdSe segment. 
We have made arrays of metal-CdSe-metal 
wires in the 70 and 350 nm diameter pores of 
commercial alumina membranes by room 
temperature electrodeposition.  While these 
semiconductor nanowires are polycrystalline (see 
Fig. 15) and therefore unlikely to be good 
photoelectrodes, they can be used as seed layers for 
vapor growth of more perfect crystals.  We have 
verified that electrochemically grown CdSe 
nanowires make rectifying contacts to Au and Ni 
end caps, and that the semiconducting segments of 
these wires are good photoconductors.68  
We have also grown arrays of high quality n-
CdSe, p-Si, and n-Si single crystal nanowires in 
AAO by vapor-liquid-solid (VLS) methods.  The 
CdSe nanowires have low levels of extrinsic doping 
and are good candidates for fabrication of liquid junction and conducting polymer 
Schottky barrier photocells.  Fabrication of these cells is currently in progress.  Control of 
the adventitious of p- and n-Si nanowires has been more problematic; however, doping 
levels as low as 1017/cc have been achieved in p-type wires, and the hole mobility has 
been measured in individual wires.  We are now working to control the surface chemistry 
of the Si nanowires and to fabricate and characterize p-Si liquid junction cells. 
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